Abstract Staphylococcus haemolyticus is one of the most clinically relevant coagulase-negative staphylococci (CoNS), particularly in immunocompromised patients; however, little is known regarding its molecular epidemiology. In this work, we characterized the genetic background and the SCCmec region of 36 methicillin-resistant S. haemolyticus (MRSHae) and 10 methicillin-susceptible S. haemolyticus (MSSHae) collected from neutropenic patients in Tunisia between 2002 and 2004. The molecular characterization of MRSHae by pulsed-field gel electrophoresis (PFGE) showed that the great majority of the isolates (77.8%) belonged to only four types. SCCmec typing by polymerase chain reaction (PCR) and Southern hybridization showed that isolates belonging to each PFGE type could carry either one or two SCCmec types. SCCmec V was the most common, but mec complex C was frequently associated to ccr allotypes other than ccrC. The mec complex class C was predominant in MRSHae (47%) and ccrC was predominant among both methicillinresistant and -susceptible isolates (31 and 50%, respectively). Interestingly, one half (50%) of the MRSHae isolates analyzed lacked the known ccr complexes (ccrAB and ccrC), although they carried the mecA. Conversely, all MSSHae carrying a ccrC complex were multidrug-resistant, although they lack the mecA. The results suggest that ccrC and mec complex C are frequent and may exist autonomously and independently of SCCmec type V in S. haemolyticus. Moreover, the data obtained suggest that small chromosomal rearrangements promoting the loss or structural variation of mec and ccr complex appear to occur frequently, which probably provide S. haemolyticus with a specialized means for SCCmec trapping and/or diversification.
Introduction
During the past two decades, coagulase-negative staphylococci (CoNS) become increasingly recognized as pathogens causing nosocomial infections, particularly in immunocompromised patients [1] [2] [3] . Among all clinical isolates of CoNS species, Staphylococcus haemolyticus is second in frequency after S. epidermidis only [4] . Moreover, it appears to have great capacity to develop resistance to multiple antimicrobial classes [1] , as suggested by the early acquisition of resistance to methicillin and glycopeptides [5] . The frequency of nosocomial methicillin-resistant S. haemolyticus (MRSHae) isolates can reach 90% [6, 7] , with the great majority being multidrug-resistant [6] .
In staphylococci, resistance to β-lactam antibiotics is based on the presence of PBP2a [8] encoded by the mecA gene, which is associated to a mobile genetic element, called the staphylococcal cassette chromosome mec (SCCmec) [9] . SCCmec is a genomic island of variable size (range 21-67 Kb) [9] , integrated at the 3′ end of the orfX [10] gene, located near the chromosomal origin of replication. The SCCmec is composed of two central elements, the mec complex containing mecA and intact or truncated forms of its regulatory genes (mecI and mecR1) and the ccr complex that contains recombinases responsible for the integration and excision of this element from the chromosome [9, 11] . Eight different SCCmec types (I-VIII) have been identified in S. aureus that correspond to different associations of classes of mec complex (A-E) and ccr allotypes (ccrAB1-4, ccrC) [12] . In addition, several SCCmec subtypes and SCC nonmec types have been reported [13] [14] [15] .
The whole genome sequencing of strain JCSC1435 revealed the existence of SCCmec V in tandem with several pseudo-SCCs, lacking the ccr complex [5] . S. haemolyticus genome sequencing also revealed the existence of as many as 82 insertion sequences, which is believed to provide a high genomic plasticity to the species [5] . More recently, the characterization of SCCmec from S. haemolyticus showed that SCCmec type V was the most prevalent in this species, although other SCCmec structures were also found [16] .
The molecular characterization of S. haemolyticus has demonstrated that infections in single hospitals are caused by a limited number of clonal types that have the ability to persist for several years in specific wards [7] . Moreover, geographic dissemination of MRSHae clones has been observed [17] . However, in spite of the high frequencies of MRSHae, it is not known if the preferential mechanism of methicillin resistance dissemination in this species is through the horizontal transfer of SCCmec or the dissemination of S. haemolyticus clones, and the role of this species in the SCCmec evolution is unknown.
Altogether, the data suggest that, in spite of its genome plasticity, S. haemolyticus appears to be a species with a relatively high level of clonality. In this study, we analyzed in detail the genetic background and the SCC elements carried by S. haemolyticus collected over a 3-year period from neutropenic patients attending the bone marrow transplant center of Tunisia. Moreover, we aimed to understand which are the preferred mechanisms of SCCmec dissemination in S. haemolyticus and the contribution of this species for SCCmec evolution.
Materials and methods

Ethics statement
Since each isolate was analyzed anonymously, this is exempt from human research committee approval according to the regulations of the Local Medical Ethical Committee of Charles Nicolle Hospital, Tunis, Tunisia, and informed consent is not required according to the Ethical Committee.
Bacterial isolates
Thirty-six non-replicate MRSHae isolates were collected from different clinical specimens of 36 neutropenic patients with hematological cancer and suffering of febrile neutropenia hospitalized in the graft or hematological units (35 inpatients, one outpatient) in the bone marrow transplant center of Tunisia from 2002 to 2004. Most isolates were isolated from blood (41.5%) and intravascular catheters (30.5%). The remaining isolates were recovered from other diverse specimens (28%). In addition, ten MSSHae isolates collected from bone (30%), intravascular catheters (20%), and other diverse specimens (50%) ( Table 2 ) from the same medical center and during the same time period were included in the study.
Species identification
All isolates were tested by conventional identification using phenotypic methods: mannitol fermentation, Gram staining, catalase, coagulase tests (BBL Coagulase Plasma Rabbit test, Becton Dickinson Microbiology systems, Cockeysville, MD, USA), and DNAase activity (Difco, Franklin Lakes, NJ, USA). Isolates were characterized at the species level by the API ID 32 STAPH system (bioMérieux, Marcy l'Etoile, France), according to the manufacturer's instructions. All isolates were confirmed for species identification by internally transcribed spacer polymerase chain reaction (ITS-PCR), according to previously described methodology [18] .
Control strains
S. aureus ATCC25923 [19] and S. epidermidis RP62A [20] were included for the quality control of antimicrobial susceptibility patterns. S. haemolyticus ATCC29970 T was used as the reference for ITS-PCR identification. The following strains were used as controls for mec complex classes and ccr allotypes: S. aureus NCTC10442 (mec complex B, ccrAB1), N315 (mec complex A, ccrAB2), 85/ 2082 (mec complex A, ccrAB3), JCSC4744 (mec complex B, ccrAB2), WIS (mec complex C2, ccrC), and HDE288 (mec complex B, ccrAB4) [10, 11, 13, 19, 21, 22] . S. aureus strain COL [23] was used as a source for the mecA probe; S. epidermidis RP62A [20] was used as an internal control in all pulsed-field gel electrophoresis (PFGE) gels.
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed using the disk diffusion method on Mueller-Hinton (MH) agar (Difco, Franklin Lakes, NJ, USA), according to the recommendation of the French Society of Microbiology (CA-SFM) (http://www. sfm-microbiologie.org). The antimicrobial drugs tested included penicillin G (6 μg, 10UI), oxacillin ( Oxacillin resistance was confirmed by the double-disc test with oxacillin (5 μg), and cefoxitin (30 μg) after 24 h of incubation at 37°C. The minimum inhibitory concentrations (MICs) for oxacillin were determined by the Etest (AB Biodisk, Piscataway, NJ, USA) on MH agar (Difco, Lyon, France) and interpreted as recommended by the CA-SFM. The production of a penicillinase was tested by nitrocefin hydrolysis by β-lactam-induced cells growing around an amoxicillin-clavulanate disk at 37°C. Multiresistance was defined as resistance to three or more antimicrobial classes, besides beta-lactams.
DNA preparation DNA for PFGE was prepared as previously described [24, 25] . Genomic DNA for PCR was extracted by the guanidine isothiocyanate extraction method, as described previously [15] . DNA probes for mecA were prepared using previously described primers [3, 12] , followed by purification by the Wizard PCR Preps DNA Purification System (Promega, Madison, WI, USA).
Detection of the mecA gene
The presence of mecA was determined by amplification by PCR [3] and confirmed for all isolates by hybridizing the SmaI or ClaI restriction band patterns with a DNA probe for mecA.
PFGE typing
PFGE for S. haemolyticus was carried out as described previously [24] . PFGE restriction band patterns were analyzed automatically using BioNumerics Software (version 4.5) from Applied Maths (Sint-Martens-Latem, Belgium), using RP62A to provide inter-gel reproducibility. Clustering was performed with the Dice similarity coefficient and the unweighted pair group method with arithmetic means (UPGMA), with 1.3% tolerance and 0.8% optimization, and a cut-off of 78%. PFGE types, corresponding to each cluster defined with the conditions mentioned above, were identified by letters, and subtypes, corresponding to each of the different branches inside the cluster, were identified by letters followed by a numeric subscript.
Southern blotting and DNA hybridization
SmaI and ClaI DNA fragments in PFGE and conventional gels, respectively, were transferred by vacuum blotting [26] and hybridized with a DNA probe for mecA using ECL Direct Prime Labelling and Detection System (Amersham Biosciences, Buckinghamshire, United Kingdom), according to the manufacturer's instructions.
Analysis of SCCmec structure
The structures of ccr and mec complexes were determined using the primers described by Okuma et al. [25] and SCCmec types were defined by the combination of the type of ccr complex and the class of mec complex [11] [12] [13] .
SCCmec was considered as non-typeable when the ccr, the mec complex, or both were non-typeable. The mec complex and ccr complex were considered as non-typeable when no PCR amplification occurred with any of the primer pairs used. SCCmec types were classified using the guidelines proposed by the International Working Group on the Classification of Staphylococcal Cassette Chromosome Elements (IWG-SCC) [12] .
Results
Molecular characterization of genetic backgrounds
All MRSHae isolates were analyzed by PFGE. SmaI restriction patterns with approximately 12-15 welldefined bands ranging in size from 31 to 401 Kb in size were obtained. Nine PFGE types (A-I) and 33 subtypes were defined among the 36 isolates analyzed in this study. The majority of isolates (28/36; 77.8%) were clustered in four major PFGE types (A, B, C, and D). The most prevalent PFGE type was type A, containing 13 strains (36%), followed by B (seven isolates, 19%), C (four isolates, 11%), and D (four isolates, 11%). Five other minor types were found: type E (three isolates), type F (two isolates), and types G, I, and J (a single isolate each) ( Fig. 1 and Tale 1). Almost all isolates were found both in the graft and hematological units, suggesting dissemination between the two units/wards. Isolates belonging to PFGE types A and B could persist for as long as 3 years in the Hospital Center, and isolates of PFGE types C and D could persist for 2 years.
Interestingly, the substitution of S. haemolyticus clones appears to have occurred over the years. Although isolates of PFGE types A and B were recovered during the entire study period, isolates with PFGE type C were collected in Antimicrobial multiresistance profiles among S. haemolyticus All MRSHae isolates expressed phenotypic resistance to penicillin and oxacillin (MICs 0.75 to >256 μg/ml), with 78% showing a high level of resistance to oxacillin (MIC >256 μg/ml). MRSHae isolates also showed high rates of resistance to gentamicin, kanamycin, and tobramycin (34 isolates; 94.5% each), followed by erythromycin (33; 91.5%), cotrimoxazole, ofloxacin, and ciprofloxacin (32; 89% each), streptomycin (25; 69.5%), fusidic acid (14; 39%), tetracycline (11; 30.5%), rifampin (9; 25%), and lincomycin (6; 16.5%). A lower resistance rate was observed for chloramphenicol and fosfomycin (3% each), and no isolates were resistant to pristinamycin. Although there were no isolates resistant to vancomycin, 16.5% of isolates showed a reduced susceptibility according to the criteria of the CA-SFM.
Moreover, most of the MRSHae isolates (95.5%) showed multiresistance patterns that often included resistance to gentamicin, kanamycin, tobramycin, erythromycin, and cotrimoxazole. Interestingly, we found that multidrug resistance was not exclusively associated to MRSHae: 7 out of 10 of MSSHae were also multidrug-resistant (Table 2) .
mec complex class C and ccrC allotypes are widespread among MRSHae
The mec complex and ccr complex were determined for all MRSHae by PCR. Almost half of the isolates carried SCCmec types with mec complex C class (17 isolates, 47%): 12 isolates carried mec complex C2 and five carried mec complex C1. A single isolate harbored mec complex A class (3%), and the remaining isolates carried mec complex classes that were non-typeable by the methods used (18 strains, 50%) .
On the other hand, almost one-third of the isolates (11; 31%) harbored ccrC, eight isolates (22%) carried ccrAB4, five (14%) contained ccrAB1, and a single isolate (3%) carried a non-typeable ccr. Interestingly, we also observed that, for 11 MRSHae isolates (30%), no ccr gene was detected either by PCR or hybridization assays, suggesting the existence of SCCmec lacking ccr genes or the existence of novel allotypes of recombinases not yet described and with too low homology with the known ccr genes to be detected by the methods used. Multiple ccr complexes were not observed in any of the isolates analyzed.
The molecular characterization of SCCmec determined by the combination of mec complex class and ccr complex allotype showed that SCCmec type V (5C) was the most common, being identified in 28% of the collection analyzed (ten isolates). Interestingly, however, mec complex C was found to be also associated to other SCCmec types besides SCCmec V in this species. In five (16.5%) isolates, new associations between the mec complex C and the ccr complex were found, namely: mec complex C1/ccrAB4 (4C1); mec complex C2/ccrAB4 (4C2); and mec complex C1/ccrAB1 (1C1). In addition, two isolates carried mec complex C associated to no ccr complex, and one isolate carried mec complex C associated to a non-typeable ccr complex. The remaining 18 isolates harbored SCCmec with mec complex class A associated to ccrAB4 (one isolate), or non-typeable SCCmec (17 isolates), either because they carried non-typeable mec complex, non-existent/non-typeable ccr, or a combination of both.
Assessment of the mechanism of dissemination of methicillin resistance in S. haemolyticus
In order to assess which was the most frequent mechanism of methicillin resistance dissemination in S. haemolyticus, we analyzed the SCCmec distribution among the different PFGE types. We observed that some PFGE types, like D and E, which accounted for 19% of the isolates analyzed, were exclusively associated to SCCmec V. These results suggested that, in this case, a single SCCmec acquisition occurred, followed by the dissemination of MRSHae clones. However, we verified that the remaining four PFGE types with more than one isolate (A, B, C, and F), and comprising 73% of the isolates analyzed, were associated to two or more different SCCmec types ( Table 1 ), suggesting that the dissemination of methicillin resistance in these clones is probably achieved by both horizontal gene transfer and dissemination of the clone. The PFGE type to which a higher number of different SCCmec types were associated was type A, which was associated to four SCCmec types (V, 4C2, 1C1, or non-typeable), suggesting that at least four SCCmec acquisitions occurred in this clone. Similarly, isolates of the remaining PFGE types carried either new SCCmec types and non-typeable SCCmec (PFGE types B, C, and F), suggesting the occurrence of at least two SCCmec acquisitions. The horizontal gene transfer of SCCmec was also confirmed by the finding of SCCmec V in isolates belonging to three different PFGE types (A, D, and E) and of SCCmec 4C1 in two different PFGE types (B and C).
ccrC is common among MSSHae
In order to evaluate if ccrC was associated to S. haemolyticus species independently of mecA, we screened ten MSSHae for the presence of ccr complex by amplification by PCR using the primers for all ccrAB1, ccrAB2, ccrAB3, ccrAB4, and ccrC. Half of the isolates (5 out of 10, 50%) carried the ccrC, one (10%) isolate carried ccrAB2, and for the remaining four (40%) isolates, the ccr complex was non-typeable. Interestingly, all isolates carrying ccrC were multidrug-resistant (Table 2) , although they lacked mecA, suggesting that mec complex might have been lost from a previously existing SCCmec in an MRSHae isolate.
Low variability in the vicinity of the mecA region In order to assess the variability in the vicinity of the mecA region in S. haemolyticus, we hybridized the SmaI digests of MRSHae with a DNA probe for this gene.
Only four different SmaI-mecA polymorphisms were found in the collection analyzed, composed of a single hybridization band of 160 (i), 180 (ii), 210 (iii), and 230 Kb (iv) that corresponded always to the fourth or fifth band in the PFGE pattern. The most common polymorphism were polymorphisms iii and iv, which accounted for 61% of the isolates, followed by ii (three isolates) and i (one isolate). For nine isolates carrying SCCmec V and one isolate carrying a non-typeable SCCmec type, no signal was obtained when the mecA was hybridized with SmaI, but hybridization signal was obtained when the ClaI digest of the same isolates were hybridized with the mecA, suggesting that, in these specific isolates, the SCCmec is in a very small SmaI fragment. We could observe some association between a particular SmaI-mecA polymorph and a specific PFGE type: isolates with PFGE type B, C, and H showed polymorphism iv; isolates belonging to PFGE type A showed polymorphism iii; and isolates with minor PFGE types (G, I, and F) showed polymorphisms i and ii.
Altogether, the results suggest a low variation in the mecA vicinity region in S. haemolyticus within and between different S. haemolyticus PFGE types.
Discussion
We found a high frequency of SCCmec types lacking the known ccr complexes, as well as a high frequency of MSSHae, carrying ccr complexes that were multidrugresistant. This, together with the observation of a low variation in the size of the SmaI-mecA hybridizing fragment, clearly suggest that small chromosomal rearrangements, involving the deletion of the mec complex and the ccr complex that give rise to non-detectable size variation in SmaI fragments , are probably frequent in S. haemolyticus. Recently, Chlebowicz et al. have described the occurrence of the in vivo loss of the mec gene complex from an S. aureus isolate carrying SCCmec V by recombination between two ccrC [27] . The same type of phenomena might promote the excision of ccr complexes and mec complexes in S. haemolyticus, in which ccrC was found to be the most common allotype. If such a mechanism exists in S.
haemolyticus, it might be producing a high degree of genetic diversity in the pool of SCCmec in this species, which would explain the high number of non-typeable and new SCCmec observed to exist in this species.
The low variation in the SmaI-mecA hybridizing fragment observed in this study was previously observed for methicillin-resistant S. aureus (MRSA), a highly clonal species [28] , in which the low variation was attributed to the limited number of times SCCmec and other SCC elements have been acquired by S. aureus [14, 29, 30] . However, the finding in our study of several different SCCmec types in isolates belonging to the same PFGE type and the observation by others that multiple pseudo-SCC elements exist in tandem in the S. haemolyticus genome [5] suggest that a different phenomena from that proposed to occur in S. aureus should explain the low variability in the mecA region observed in this species. We suggest that the spontaneous loss of the ccr complex from SCC elements through the trapping of SCC elements in the chromosome could be contributing to the stability of the mecA region vicinity observed here.
S. haemolyticus has been reported to be the species more frequently resistant to a great range of antimicrobial agents among immunocompromised patients [1, 6] , which has been attributed to the existence of more than 82 IS1272 in the S. haemolyticus genome [5] , which facilitate the accumulation of resistance determinants in the chromosome of this species. The frequent loss of the ccr complex by SCC elements suggested here to occur frequently in S. haemolyticus may also be contributing to this phenotype by providing S. haemolyticus with an additional capacity to retain specifically methicillin resistance and resistance to other antimicrobial agents contained within SCC elements. Another interesting observation from our study was the finding of a high prevalence of mec complex C (47%) and ccrC (31%), which was independent of the presence of SCCmec type V. In fact, we observed that, in addition to the ccrC complex, mec complex type C could be associated to ccrAB1, ccrAB4, and also with non-typeable ccr complexes. Moreover, we observed that MSSHae carried almost exclusively ccrC, which, as far as we know, is the first description of the existence of a ccr complex among methicillin-susceptible isolates of this species. The finding of mec complex C associated to other ccr complexes, such as ccrAB2, was previously observed by Hanssen and Sollid [31] in S. haemolyticus, but mec complex C has been rarely seen among other CoNS species [16, 31, 32] . These observations imply that, most probably, mec complex C and ccrC were originated in S. haemolyticus and that SCCmec V and other SCCmec variants containing mec complex C and ccrC most likely were originated or were assembled in this species. This hypothesis is strongly supported by the finding by others of 99% nucleotide identity between the class C mec complexes identified in clinical MRSA and MRSHae isolates [33] .
Altogether, our data suggest that S. haemolyticus frequently experience small chromosomal rearrangements that enable the accumulation, trapping, and recombination of SCC elements in the orfX vicinity. Moreover, we revealed that this species, most probably, has been functioning as a reservoir of mec complex C and ccrC for the assembly of SCCmec V and other SCC elements.
